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Abstract 

Background and Methods H e red ita ry h e m oc h ro - 
matosis in adults is usually characterized by muta- 
tions in the hemochromatosis (HFE) gene on the short 
arm of chromosome 6. Most patients have a sub- 
stitution of tyrosine for cysteine at position 282 
(C282Y). We studied a large family from Italy that in- 
cludes persons who have a hereditary iron-overload 
condition indistinguishable from hemochromatosis 
but without apparent pathogenic mutations in the 
HFE gene. We performed biochemical, histologic, 
and genetic studies of 53 living members of the fam- 
ily, including microsatellite analysis of chromosome 
6 and direct sequencing of the HFE gene. 

Results Of the 53 family members, 15 had abnor- 
mal serum ferritin levels, values for transferrin satu- 
ration that were higher than 50 percent, or both. 
Thirteen of the 15 had elevated body iron levels, di- 
agnosed on the basis of the clinical evaluation and 
liver biopsy, and underwent iron-removal therapy. 
The other two, both children, did not undergo liver 
biopsy or iron-removal therapy. None of the 15 mem- 
bers had the C282Y mutation of the HFE gene; 5 of 
the 15 (as well as 5 healthy relatives) had another 
mutation of this gene, a substitution of aspartate for 
histidine at position 63, but none were homozygous 
for it. No other mutations were found after sequenc- 
ing of the entire HFE gene for all family members. 
Microsatellite analysis showed no linkage of the he- 
mochromatosis phenotype with the short arm of 
chromosome 6, the site of the HFE gene. 

Conclusions Hereditary hemochromatosis can oc- 
cur in adults who do not have pathogenic mutations 
in the hemochromatosis gene. {N Engl J Med 1999; 
341:725-32.) 

©1999, Massachusetts Medical Society. 



THE term "hemochromatosis" was used by 
von Recklinghausen in 1889 to denote an 
iron-storage disease with widespread tissue 
injury. 1 In 1996, a candidate gene for he- 
reditary hemochromatosis (HFE) was identified. 2 The 
majority of patients with hemochromatosis (83 to 
100 percent in various series) have a substitution of 
tyrosine for cysteine at position 282 (C282Y). 2 > 3 A 
second mutation, a substitution of aspartate for his- 
tidine at position 63 (H63D), is present in a minor- 
ity of patients, but its role in the pathogenesis of the 
disease is uncertain. 2 - 4 

The isolation of the HFE gene provided the op- 
portunity to analyze directly the effect of genetic mu- 



tations on phenotype. The existence of a highly 
prevalent mutation supports the concept of a founder 
effect (i.e., the genetic mutation that causes hemo- 
chromatosis was a unique event in a single person), 
but it is difficult to explain the phenotypic varia- 
tion on the basis of HFE genotypes. Recent studies 
showed that only 64 percent of patients with hemo- 
chromatosis in Italy were homozygous for the C282Y 
mutation, 5 * 6 with a similar proportion in other south- 
ern European countries. 7 These findings suggest ei- 
ther that other mutations are present in regions of 
the HFE gene not yet analyzed, such as the promoter 
region, or that the disorder is characterized by ge- 
netic heterogeneity, which has been confirmed in 
the case of juvenile hemochromatosis. 8 

We describe a large family that includes members 
with a hereditary iron- overload condition with a 
phenotypic expression that meets the clinical, bio- 
chemical, and histopathological criteria for the diag- 
nosis of hereditary hemochromatosis. However, this 
hereditary condition is not associated with HFE mu- 
tations or HLA haplotypes and is not finked to the 
short arm of chromosome 6 (6p). 

METHODS 

Subjects 

The study began in 1983 with the evaluation of a patient (the 
proband) who had a primary iron-overload condition and was un- 
dergoing repeated phlebotomy at the University of Modena, in 
Modena, Italy. Between 1983 and 1998, serum iron (i.e., trans- 
ferrin saturation and ferritin) was measured in the proband and 
52 members of his family. The family tree is shown in Figure 1. 
The study was approved by the ethics committee at the University 
of Modena, and all the family members gave written informed 
consent. 

Iron Studies 

Transferrin saturation and serum ferritin were measured by 
standard methods in samples obtained after an overnight fast 
from all 5 3 family members. In selected family members, the he- 
patic iron concentration was determined with the use of an atom- 
ic-absorption spectrophotometer (model S2380, Perkin-Elmer, 
Norwalk, Conn.), as described elsewhere, 9 and the hepatic iron 
index (the ratio of the hepatic iron concentration [expressed as 
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Figure 1. Pedigree of the Family. 

Circles represent female family members; squares male family members; solid symbols members with abnormal iron values, phe- 
notypically expressed hemochromatosis, or both; and slashes members who had died. The arrow indicates the proband. Below the 
symbol for each family member are the age in 1998 and the ferritin level, in nanograms per milliliter. The pedigree shows consan- 
guinity between the proband's affected sister (Subject V-2) and her husband (Subject V-1) and high serum ferritin values in mem- 
bers of three consecutive generations of the proband's family. 



micromoles per gram of liver, dry weight] to age) was calculated. 
For members of the family who were treated with phlebotomy, 
the total amount of iron removed was calculated as the number 
of phlebotomies (with 400 ml of blood drawn at each session) 
multiplied by 250 (the number of milligrams of iron removed per 
session). For the family members who underwent liver biopsy, 
sections of liver-biopsy specimens were stained with hema- 
toxylin and eosin and Perls* Prussian blue for the presence of iron 
and with Sirius red for the presence of collagen. 

Clinical Evaluation 

All family members were questioned about previous blood 
transfusions, iron- containing medications, and daily consumption 
of alcohol. Serum samples were obtained for standard tests of hep- 
atitis B virus surface antigen and hepatitis C virus antibodies and 
RNA. Hemoglobin electrophoresis was performed, and giucose- 
6 -phosphate dehydrogenase and pyruvate kinase were measured. 



All family members with clinically expressed hemochromatosis 
underwent bone marrow aspiration and ultrasonographic meas- 
urement of the spleen. 

Molecular Studies 

Haplotype analysis was performed with the use of five micro- 
satellite markers from the HFE locus on chromosome 6 (D6S422, 
D6S265, D6S105, D6S1281, and D6S276). 10 Polymerase-chain- 
reaction (PCR) assays with fluorescently labeled primers were 
performed according to standard protocols. The assays were per- 
formed in an ABI PRISM DNA sequencer (model 373 or 377, 
Applied Biosystems, Foster City, Calif,), and the results were 
processed with Genescan software. Alleles were identified with the 
use of Genotyper software. HLA antigens were identified with a 
standard microlymphocytotoxicity test. 

Genotypic evaluation was based on the analysis of HFE geno- 
types. The two HFE mutations were detected with PCR assays, 2 
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followed by restriction-enzyme digestion with Ksal for the C282Y 
mutation and Bell for the H63D mutation. 6 Direct sequencing 
of HFE coding regions (exons plus intron-exon boundaries) was 
performed as described elsewhere. 5 Briefly, amplified PCR frag- 
ments were purified with the use of a purification kit (Boehringer- 
Mannheinij Indianapolis) and were sequenced with the use of a 
dye -terminator cycle- sequencing kit (Thermosequenase, version 
2.0, Amersham Pharmacia Biotech, Rainham, United Kingdom). 
The fragments were then electrophoretically separated and ana- 
lyzed on an ABI PRISM 373 or 377 sequencer. 

RESULTS 

A total of 53 family members (25 males and 28 
females) were evaluated. Serum ferritin values were 
recorded for all subjects (Fig. 1). Fifteen of the sub- 
jects had a level of transferrin saturation above 50 
percent, an abnormal ferritin level, or both (Table 
1). None of the 15 had thalassemia or hemolytic con- 
ditions, as indicated by the values for hemoglobin, 
lactate dehydrogenase, and haptoglobin and the re- 
ticulocyte count, and none had ultrasonographic ev- 
idence of splenomegaly. Physical examination showed 



hyperpigmentation in most of the family members. 
None had serum antibodies against hepatitis C vi- 
rus; one member (Subject VT-2) had hepatitis B virus 
antigen. Bone marrow examination showed normal 
celkdarity, with an absence of sideroblasts, and marked 
reticuloendothelial- cell iron deposits, particularly in 
the proband and his offspring. All family members 
reported that they consumed less than 10 g of alco- 
hol per day. 

Thirteen of the 15 subjects with abnormal iron 
values received a diagnosis of iron overload that was 
based on a complete clinical evaluation, including 
liver biopsy, and were enrolled in a phlebotomy pro- 
gram- Two of the 15 were children in the seventh 
generation of the family (Fig. 1 and Table 1, Subjects 
VTI-2 and VII-4) who had abnormal iron values but 
did not undergo liver biopsy or iron -removal therapy. 
Most of the 13 subjects who underwent phlebotomy 
required a weekly regimen, and in most cases it was 
well tolerated. In all 13 subjects, serum ferritin and 
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Table 1. Biochemical and Clinical Characteristics of the 15 Family Members with Abnormal Iron Values.* 





Age at 




Hemo- 


Transferrin 


Serum 


Hepatic 


Hepatic 


Total Iron 


H63D 


Liver 


Additional 


Subject 


Diagnosis 


Sex 


globin t 


Saturation 


Ferritin 


Iron 


Iron Index* 
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{dry weight) 




g 
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61 
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14.5 
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5846 
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5.1 
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paired glucose 
























tolerance 


V-13 
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16.0 
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(minimal) 




VI-2 
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Arthritis 
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Impotence 


VI-19 


35 
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13.7 


35 
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-/- 


No 




VI-25 
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15.7 
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810 


23.8 


31 


-/- 


No 
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+/- 
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No 




VI-30 


37 
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15.5 
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ND 


ND 


-/- 


ND 
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20 
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ND 


ND 


ND 


-/- 


ND 
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14 
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13.8 


28 


815 


75 


5.4 


4 


+/- 
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*ND denotes not determined. Plus signs indicate the presence of the mutation, and minus signs its absence. 
fTo convert the values for hemoglobin to millimolcs per liter, multiply by 0.6206. 

JThe hepatic iron index is the ratio of the hepatic iron concentration to the patient's age at the time of the evaluation, 
§The total amount of iron removed was calculated as the number of phlebotomies (with 400 ml of blood drawn per session) multiplied 
by 250 (the number of milligrams of iron removed per session). 



transferrin saturation returned to normal levels, 
which were subsequently maintained with a less in- 
tensive regimen of phlebotomy. The total amount of 
iron removed during the intensive regimen ranged 
from 4 to 35 g (Table 1). In two of the proband's 
children (Subjects VI-26 and VI-30), the weekly 
phlebotomy regimen resulted in slight anemia and 
low transferrin saturation while die serum ferritin 
level remained elevated. A less aggressive regimen also 
resulted in iron depletion. The clinical manifesta- 
tions of iron overload were most severe in two family 
members: the proband's sister (Subject V-2), who 
had arrhythmia and impaired glucose tolerance, and 
one of her sons (Subject VI-5), who had impotence 
that was not reversed by phlebotomy. 

Liver biopsy in the proband, who was 59 years old 
when the liver disease was diagnosed, showed a dra- 
matic accumulation of iron (Fig. 2B). In liver speci- 
mens from the proband and from five members of 
his family (Subjects VI-25, VI-26, VI-29, VI-30, and 
VII- 5), the pattern of iron overload was mixed, in- 
volving both parenchymal cells (with a decreasing 
gradient throughout lobules) and mesenchymal cells, 
with large, coalescent iron deposits in Kupffer cells 
and portal macrophages (Fig. 2B and 2D). Kupffer- 
cell iron load was an early event in all six subjects 



(Fig. 2D). Marked iron deposition was also seen with- 
in vascular walls, with the pericanalicular pattern in 
parenchymal cells that is characteristic of classic he- 
reditary hemochromatosis. There was minimal portal 
fibrosis in the specimen from the proband, with no 
fibrosis or only slight sinusoidal fibrosis in the spec- 
imens from his five relatives. No necrotic or inflam- 
matory changes were seen, and there was minimal 
macrovesicular steatosis. The pathological findings 
were most severe in the specimens from the proband's 
sister and her two affected sons, which showed fibrot- 
ic changes (Fig. 2A and 2C) and a pattern of iron 
distribution that is characteristic of hemochromato- 
sis: parenchymal iron overload, with periportal accu- 
mulation of iron and minimal deposits in reticulo- 
endothelial cells. 

None of the 15 family members with abnormal 
iron values had the C282Y mutation of the HFE 
gene; 5 of the 15 (Table 1) and 5 members with nor- 
mal iron values had the H63D mutation, but none 
were homozygous. No other mutations were found af- 
ter sequencing of the whole HFE gene for all family 
members. Haplotypes were also analyzed for all the 
family members with the use of five microsatellites 
specific to the HFE locus on chromosome 6. With a 
recessive pattern of inheritance, the haplotype should 
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Figure 2. Liver-Biopsy Specimens from Four Members of the Family. 

Perls' Prussian blue stain was used to detect the presence of iron. Panel A (X533) shows the specimen from the proband's affected 
sister (Subject V-2), with an iron concentration of 310 jitmol per gram of liver, dry weight; Panel B (X533) shows the specimen from 
the proband (Subject V-13), with an iron concentration of 646 fxmo\ per gram; Panel C (X133) shows the specimen from a son of 
the proband's affected sister (Subject VI-5), with an iron concentration of 815 ^mol per gram; and Panel D (X533) shows the spec- 
imen from the proband's affected daughter (Subject VI-29), with an iron concentration of 110 /^mol per gram. The specimens from 
the proband's sister and her son show the pattern of iron distribution that is characteristic of hemochromatosis: iron is accumulated 
almost exclusively within the parenchymal cells, with a granular pattern and a pericanalicular distribution (Panel A, arrows) and 
with initial fibrosis (Panel C, asterisks). The specimens from the proband and his daughter show a mixed pattern of iron overload: 
in addition to the iron deposits in parenchymal cells (Panel B), there are prominent deposits in sinusoidal cells, even at the early 
stage of the disease, in the daughter, who was 21 years old at the time of the biopsy (Panel D, arrowheads). 



be associated with the phenotype in all affected mem- 
bers. As Figure 3 shows, there was no association be- 
tween haplotype and phenotype in the family we 
studied. Affected family members had different hap- 
lotypes (e.g., Subject VI -2 had haplotype Aj/B 2 , 
and Subject VI-5 had haplotype A 2 /Bj), and in sev- 
eral cases, healthy members had the same haplotypes 
as affected members (e.g., Subjects VT-3 and VI-5 
both had haplotype Aj/Bj). With a dominant pattern 
of inheritance, the same haplotype should be present 
in all affected members and absent in all healthy 
members, except in the case of an absence of pene- 
trance. Again, there were no HFE haplotypes that seg- 



regated with the phenotype in this family. Similarly, 
analysis of HLA haplotypes showed that the markers 
associated with hereditary hemochromatosis were ab- 
sent (data not shown). 6 ' 11 

DISCUSSION 

We studied a large family in which several mem- 
bers had an iron-overload condition that met most 
of the accepted diagnostic criteria for hereditary he- 
mochromatosis. The most common forms of second- 
ary iron overload were ruled out in these patients. 
The iron- overload disease in this family was not due 
to the presence of the C282Y mutation of the HFE 
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Figure 3. Haplotype Analysis of Chromosome 6 in Selected Family Members. 

Circles represent female family members, squares male family members, and solid symbols members 
with hemochromatosis. Five microsatellite markers {D6S422, D6S265, D6S105, D6S1281, and D6S276) 
spanning the short arm of chromosome 6, where the HFE gene lies, were analyzed. Each of these 
markers comes in two allelic forms (i.e., a form for each homologous chromosome) identified by num- 
bers (e.g., 297 and 305 for the D6S422 marker in Subject V-1). The five allelic variants of each chromo- 
some (the column of numbers) constitute a specific haplotype. The haplotypes are identified by the 
letters above the columns: A v A 2 , B„ B 2/ C v C 2 , D,, D 2 , and D R (D R indicates a recombinant event). Each 
person receives one haplotype from the father and one from the mother. The H63D genotype of the 
HFE gene is shown below the haplotypes (the plus sign indicates the presence of the mutation, and 
the minus sign its absence). The microsatellite data indicate that hemochromatosis in this family was 
not linked to chromosome 6p. In addition, the H63D mutation of the HFE gene does not appear to be 
linked to the disease, since some affected family members did not have the mutation (e.g., Subject 
V-2), some affected members were heterozygous for the mutation (e.g.. Subject VI-5), and some 
healthy members were heterozygous for the mutation (e.g., Subject VI-3). 



gene. In addition, the H63D mutation did not seem 
to have a role in the disease, since family members 
with the mutation had varying degrees of iron over- 
load, and some affected family members, as well as 
healthy members, did not have the mutation. Our 
genetic study also ruled out the possibility of other 
mutations in the coding regions or the intron-exon 
boundaries of the HFE gene. However, additional 
mutations may be present in regions of the HFE 
gene that have not yet been characterized, such as 
the recently described promoter region at the 5' end 
of the HFE gene. 12 However, since in this family he- 
mochromatosis did not segregate with specific hap- 
lotypes of the short arm of chromosome 6, where 
the HFE gene lies, the involved gene (or genes) is not 
associated with 6p where enhancer -promoter re- 
gions of the HFE gene are likely to reside. 

Among the subjects with iron overload, there were 
two patterns of presentation. The proband (Subject 
V-13), four of his children (Subjects VT-25, VI-26, 



VI-29, and VI-30), and one of his grandchildren 
(Subject VII-5) had nonclassic hemochromatosis, 
characterized by a mixed pattern of iron accumula- 
tion in the liver and minimal fibrosis. In addition, 
Subjects VT-29, VTI-2, VTI-4, and VII-5 had an in- 
crease in serum ferritin levels in the presence of low- 
to-normal transferrin saturation (Table 1), with an 
early decrease in serum iron values and hemoglobin 
levels despite persistently high ferritin levels in those 
who underwent phlebotomy, and Subjects VI-26 and 
VI-30 had a low tolerance of the phlebotomy regi- 
men. Although some of these features may suggest 
the presence of a hematologic, possibly hemolytic dis- 
order, none of the family members with iron over- 
load were anemic, and none of the analyses we per- 
formed suggested the presence of an underlying 
hemolytic condition. The proband's affected sister 
(Subject V-2) and her two affected children (Sub- 
jects VI-2 and VI-5) had a type of hereditary hemo- 
chromatosis that was identical to the iffiG-associated 
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type in its biochemical, pathological, and clinical ex- 
pression, with endocrine and cardiac involvement. 

At least two other hereditary conditions associat- 
ed with iron overload have been described: siderosis 
in sub-Saharan Africa, which results from the inter- 
action between an HLA-independent genetic com- 
ponent and environmental factors, 13 ' 14 and the rare 
juvenile form of hemochromatosis. 15 Neither condi- 
tion is linked to the short arm of chromosome 6, 
and the causative genes have not yet been identified 
or mapped to specific chromosomes. African sidero- 
sis may share some features of the hemochromatotic 
condition in the proband and his offspring, with ex- 
tensive iron deposits in reticuloendothelial cells, as 
well as parenchymal iron overload in periportal areas. 
Juvenile hemochromatosis is a severe form of iron 
overload that develops in the second or third decade 
of life, with a prevalence of cardiac and endocrine in- 
volvement. This condition has been reported mainly 
in southern Italy, and the family described here orig- 
inates from the same area. A recent report described 
two related patients with clinical findings suggestive 
of an atypical form of juvenile hemochromatosis; nei- 
ther patient had the C282Y mutation or the H63D 
mutation, although other HFE mutations and a link 
to 6p could not be ruled out. 16 Whether the classic 
form of hemochromatosis in the family described 
here, especially in the proband's sister and two of her 
children, represents a mild, late form of juvenile he- 
mochromatosis remains to be determined. 

In conclusion, our study indicates the existence of 
one or more distinct genetic diseases that cause a 
type of adult hereditary iron overload other than that 



associated with the HFE gene. The clinical entity re- 
sembles JffiE-associated hemochromatosis. Our data 
suggest that it arises from anomalies in at least two 
genes. We speculate that homozygosity for a defect 
in a gene other than HFE may be responsible for the 
classic form of hemochromatosis in some members 
of the family we studied, whereas a defect in a second 
gene, apparently transmitted in a dominant fashion 
throughout three generations of the family , may ac- 
count for the nonclassic form of the disorder in oth- 
er members. The variable clinical and histopatholog- 
ical phenotype in the family may reflect compound 
heterozygosity or homozygosity for these two genes. 
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